In this study, the steel grade transition during the ladle change in a continuous casting process is simulated by presenting a new mathematical model. First, the mixing process in a non-isotherm tundish is investigated by a water modeling system. Then, heat transfer mechanisms and solidification process are simulated for a continuous casting machine and the geometric shape of the liquid pool is predicted considering different conditions. The mixing process in the liquid pool of strand is also investigated by a mixing model. Finally, when the solidification process in the strand is completed, the variations of chemical composition in the final product are calculated. To verify the results of the intermix model, several samples are taken from the different positions of the slab and chemical composition of several elements are measured using a spectrometry technique. The model results show that the weight of mixed grade steel are affected by parameters such as molten steel volume in the tundish at the time of new ladle opening, slab dimensions, rate of casting and non-isothermal effect on the tundish. The obtained results also show that the effect of mixing process on the extent of mixing regions in the liquid pool of strand is more significant than the mixing in the tundish.
Introduction
A continuous casting setup essentially consists of three equipments: the ladle, the tundish and the continuous casting mold. The molten steel is transferred by the ladle into the caster machine, which continuously adds the liquid steel into the tundish. Tundish acts primarily as a distributor of molten steel between ladle and mold to maintain a stable liquid steel flow. Liquid metal flows from tundish into the molten steel pool of the mold through a submerged entry nozzle. The liquid steel solidifies in contact to the four sides of the water-cooled copper mold, while it is continuously drawn downward at a certain casting speed. A solidified shell of 10 to 30 mm thickness is formed by the time the slab reaches the end of the mold. The liquid core of the slab extends several meters beyond the end of caster. After leaving the mold, there is a secondary cooling stage using water sprays and air cooling. Solidified steel is withdrawn from the caster by rollers until they reach the cutoff point. 1) In the continuous casting process, once the steel from one ladle is cast, it should be replaced by a full ladle without any interruption in the casting process. Sometimes during the ladle change operation, it is necessary to change the grade of the molten steel and the degree of mixing is a determining parameter in the productivity of both grades. The mixed steel that is produced during the ladle exchange has to be either used as low grade product or recycled as scrap for remelting.
2) The operators need to know where exactly the mixed region exists in order to cut out the transitional grade section of the slab. The length of the transition grade section of the slab depends on the extent of mixing between the two liquid grades in the tundish and strand, which in turn depends on the fluid flow pattern and operation conditions. It should be mentioned that to characterize the mixed grade in the slab, it is necessary to study the mixing process in the tundish and strand simultaneously.
The effective parameters on the amount of mixed grade in the tundish and strand as reported by previous studies are 3, 4) : -Volume of the molten steel in the tundish at the time of teeming the later grade -Casting speed during the grade transition -Slab dimensions -Tundish filling rate by the later grade -Geometrical shape of the tundish and the type of the fluid control devices -Chemical compositions of the original and the second grades It should be noted that during ladle replacement, there may be a difference in the molten steel temperature. Therefore, the temperature of the molten steel in the tundish varies due to the temperature variations in the inlet stream. The non-isothermal conditions of the molten steel in continuous casting tundish generate a thermal buoyancy force. Thermal buoyancy in a tundish usually cannot be ignored 28 due to the low average flow velocity and high superheat temperature.
5) The introduction of a hot fluid into the tundish will promote convection forces that will drive the fluid upwards toward the free surface. Furthermore, parts of the initial fluid and incoming fluid are mixed, while a continuous flow is drawn from bottom of the tundish to the mold. Due to interaction of the two flow patterns, a mixed convection pattern should be considered.
6) The Residence Time Distribution (RTD) curves of the fluid in the nonisothermal tundish are really different from the isothermal one.
In this research, intermix phenomenon is simulated in the continuous casting process. The proposed model consists of three separate sub-models including: tundish mixing model, heat-transfer and solidification model and strand mixing model. The predicted results from the intermix model are verified by chemical composition analysis on a part of slab that included a transition grade. Then, effects of the nonisothermal tundish, casting speed and slab dimensions on the amount of mixed grade are predicted using the model.
Description of the Industrial Tundish
In this study, a model is proposed on the basis of the technical and operational conditions of the slab caster in the continuous casting unit of Mobarakeh Steel Company. The system as shown in Fig. 1 consists of a twin-slab-strand tundish. The flow modification is also accomplished by a pair of dams as shown in this figure.
Tundish Mixing Model
The half volume of the tundish has been modeled via combination CSTR †1 , PFR †2 and dead volume boxes, due to the symmetry of the tundish. The mixing model is developed based on the results obtained from water modeling experiments. The suggested model for non-isothermal conditions is shown in Fig. 2 . As seen in this figure, both parallel branches (1 and 2) consist of PFR and CSTR in a series arrangment. The volumetric flow rate of the inlet stream and the total volume of the tundish are divided into two parts, and therefore can be correletated as: In the above equations, a and b are parameters determined empirically. In fact, a is the volume fraction of fluid that transits from branch 2 in Fig. 2 and b indicates the inlet volumetric flow rate fraction in this branch.
To obtain a system of equations which describes temperature as a function of time, energy conservation is satisfied for each CSTR. The fluid which remains in the tundish for a period of time longer than twice the mean residence time, is considered to be the dead volume. The dead volume box has only an indirect effect on the mixing which is automatically taken into account in the time-dependent volume fractions of the other boxes. All of the ordinary differential equations for the branch 1 in Fig. 2 are as follows 7, 8) :
.... Where A i ext is the external surface of mixing box i, f i is the volume fraction, h is the heat transfer coefficient, C p is the specific heat, T i is the fluid temperature leaving from the ith box, T am. is the ambient temperature, u is the uniform velocity of fluid in plug-flow box, V i is the volume and r i is the fluid density leaving from box i.
The initial values and the boundary condition which are In real tundish process, to reduce heat loss from the tundish surface, a layer of powder cover is used at the surface. Also when tundish is used for the second ladle and so on a steady state heat transfer is achieved on the tundish walls. In addition the inlet melt flow and outlet melt flow temperature in real tundish were measured and only 2 to 3°C difference in temperatures was observed. Therefore, the heat losses taking place through the various surfaces were neglected. The same approximation was also used in other references such as Sinha et al., 9) Jonsson et al. 10) and Sahai et al.
11)
The heat transfer between water and air can be ignored. This could be justified by considering the small temperature differences and the short test time. Furthermore, it is assumed that all surfaces are in adiabatic condition. 11, 12) Therefore, all of the last terms in Eqs. Where t cp is the time delay that caused by the plug flow volumes on the passage of new grade through the tundish. The initial values and the boundary conditions which are required to solve the equations, are the same as expressions (7) and (8) . Therefore, temperature in the exit stream can be calculated as follows:
A fourth-order Runge-Kutta time integration method is used to integrate the above system of first-order ordinary differential equations. 13) To identify the calibration parameters (a, b, f i ), a one-quarter scaled water model system has been designed. The model is geometrically similar to the real caster tundish. A schematic diagram of the apparatus is shown in Fig. 3 . The mixing model was designed to run for different values of all free parameters. For each set of parameters, the RTD curve was calculated and compared to the water model results. The best RTD curve is the one that minimizes the following function (Fig. 4) Where I mm and I wm are the temperatures, calculated by the mathematical model and measured by the water model in t i , respectively. To reduce errors in the tests, all of the experiments were repeated three times and the average step re-( Recent studies have suggested a criterion that may be adequate to simulate the flow of molten steel in continuous casting tundishes using water modeling in non-isothermal conditions. Damle and Sahai 11) have shown that to have the same RTD curves between two systems, it is necessary to have the same momentum equations and the same energy equations. To satisfy these requirements, dimensionless Turbulent Reynolds number, Re T †3
, and dimensionless Tundish Richardson number, Tu †4 , should be kept constant under different conditions. Under these circumstances, the dynamic similarity between the model test and the prototype can be expected.
Heat Transfer and Solidification Model
Principally, a liquid pool is formed in the strand of continuous casting. When the melt leaves the tundish, the liquid pool of strand is the last place that mixing takes place during the grade change operations. Due to the large length and extensive volume of molten steel in the pool especially in high casting speed, mixing in the strand can be very important. In order to investigate mixing in the liquid pool, the geometry of the liquid pool should be predicted considering the steel chemical composition, casting speed, slab dimensions, melt superheat temperature and other parameters. Figure 5 shows the different regions in the continuous casting machine and the model considered for physical simulation of the caster. In the model, only a quarter of the strand is considered due to the symmetry of the heat flow conditions. Technical information of each zone is summarized in Table 1 .
Assumptions
The following assumptions are made to simplify the mathematical model 14) : -Conduction can take place only in the transverse directions. -Forced convective heat flow in the liquid pool is considered by defining an effective liquid thermal conductivity. -The density of steel is constant, but it's specific heat capacity and heat conductivity are functions of temperature and chemical composition.
Model Formulation
The energy conservation equation can be written as 15) :
..... (15) Where q 0 is a source term for heat which is zero in total domain, but it has values for calculating coefficients in wall boundaries.
To simplify the equation, a transformation as zϭzϪwt is used. Therefore: In order to establish the region of phase change, the latent heat contribution is specified as a function of temperature i.e. In the mold region several thermal resistance layers exist between the steel shell surface and the recirculation water. All of the thermal resistances in the mold are shown in It has been already mentioned that the cooling of the strand in the lower part of the secondary cooling zone is mainly done by radiation. Therefore, the expression for the heat transfer coefficient is given as follows: 
Numerical Solution Procedure
The algebraic equation with boundary conditions has been solved with a Tridiagonal Matrix Algorithm (TDMA) solver. 20) For solving the algebraic equation, it is necessary to know latent enthalpy in new time step (H l ). For updating the amount of the latent enthalpy an iterative solution is used. The simulation starts by setting the initial steel temperature to the pouring temperature. Input parameters for the standard case are verified by the measured temperatures on the shell surface of the strand. Figure 7 shows the solidified shell thickness profiles of both narrow and wide faces of the slab. The casting speed is the most important parameter that will change the position of the solidified shell thickness profiles. The increase of casting speed decreases the holding time of the slab in the secondary cooling zones and increases the "metallurgical length" (maximum length of the liquid pool). . Thermal resistances existing between the shell surface and water channel in the mold (T water is water temperature in the channel and T s is the shell surface temperature).
Fig. 7.
Predicted solidified shell thickness.
Strand Mixing Model
For the third sub-model, mixing in the strand is considered by dividing the strand into three zones. A schematic of the model is shown in Fig. 8 consists of two CSTR and one DPFR †5 (plug flow with axial mixing) situated in series. It is assumed that the model consists of a perfect mixed zone with two CSTR in the upper strand region (about 2-3 m below the meniscus) and a convection-diffusion zone with one DPFR in the lower strand region. In the DPFR, while the steel is moving downward at a uniform speed, mixing occurs due to turbulent diffusion and the steel remains in the liquid state.
Formulation
The differential equations for the model boxes in Fig. 8 The optimum value for each CSTR has been reported to be about 1.5 m by Thomas et al. 22) for slabs. Based on the Z s1 and Z s2 values, volume of each CSTR boxes is calculated by heat transfer and solidification sub-model.
Initial Values and Boundary Conditions

Numerical Solution Procedure
A fourth-order Runge-Kutta time integration method is used to solve the first-order ordinary differential equations. 
Composition in the Final Product
In order to specify the final composition distribution in the slab, the strand mixing model should be solved for several points of the slab cross section for each time step. The distance from the meniscus to the solidifying points in the strand for each point of the slab cross section is different and depends on its distance from the strand axis. The response of Eq. (29) for the end point of the liquid pool is considered as the solidified point composition in each time step (Dzϭv c Dt).
Model Validation
To ensure that the model can correctly approximate intermix phenomenon in continuous casting process and accurately predicts composition distribution in final slabs, the model was validated by direct measurements of the composition of the slabs from the continuous caster unit at Mobarakeh Steel Company during a grade transition. Technical data related to the two melts are listed in Table 2 . The data are used as inputs to the model. For this purpose, a section of the slab with expected grade mixing is chosen and sliced in 10 cm depth of the narrow width surface of the slab along the longitude axis. From this section, several samples are taken as shown in Where F(x) is the average value of a given element in each sample; F old and F new are the values of the element measured in the former and later grades, respectively. In this definition, the concentrations range is zero for former grade, one for subsequent grade and between zero to one for the mixed grade.
The comparison between model predictions and measured slab composition is shown in Fig. 10 for the conditions shown in Table 2 . The zero point on the horizontal coordinate axis represents the position of the meniscus at the time of new ladle opening. Positive values denote the later grade region. Predicted curve is calculated by the model using the average of three concentration points for slab longitude sections in centerline, a quarter line, and surface of slab as described in Fig. 9 . Figure 10 shows reasonable agreement between predicted and measured values which validate the intermix model for the non-isotherm tundish.
The results suggest that mixing behavior depends only on the dimensionless concentration and not on the individual elements. Each element exhibits the same mixing behavior, despite of its different molecular diffusion coefficient. This suggests that the turbulent diffusion dominates the mixing behavior, as assumed in the model. The slight deviations between the model results and measurements can be assigned to the macrosegregation during the solidification and formation of a non-homogenous cast structure. As seen in Fig. 10 , carbon in comparison to Mn and Si elements shows higher deviation. This can be related to the high diffusion coefficient of carbon in steel in solid state.
Results and Discussion
Chemical Concentration Profile Predictions
The steel melt, which is a mixture of two different grades in the tundish, is introduced to the liquid pool in the mold. Figure 11 shows dimensionless concentration variations in the later steel grade in a grade transition process for two different positions; in the centerline, and on the surface of the slab. The average of the chemical concentration also is shown in Fig. 11 . As seen in this figure, the initial profile of the solidified shell, including the entire surface of the strand below the meniscus, remains completely in the former grade. Turbulent flow may enter deeply into the liquid pool, and, brings mixed steel far below the position of the meniscus at the ladle opening. Therefore, mixing increases toward the centerline of the slab that solidifies last.
Calculation of the amount of the mixed grade slab in the product as a downgrade steel can be done using different criteria in practice. Selection of the upper and lower limits on the displayed curves identifies the weight of the mixed grade steel. For instance, as shown in Fig. 11 , if the lower and the upper limits are set to 0.1 and 0.9 respectively, the weight of the mixed grade steel by the average concentration curve will be 19.3 tones. On the other hands, if the lower and upper limits are chosen by the center line and surface curves, respectively, the weight will be 27 tones. It should be considered that under the later conditions the dimensionless concentration of any point can not lies above 0.1 for the first grade slab or below 0.9 for the second grade slab. However, in the first set of conditions, since an average concentration criterion is used, the local mixings can exceed 10/90. In this article the calculation is preformed on criteria of 10 : 90, and the lower and upper limits are considered by the center line and surface curves of the slab, respectively.
Filling Rate Effects
At the beginning of the teeming of the later steel grade in the tundish, the filling rate is set higher than outlet flow rate of the tundish to increase the level of melt to the normal level of the tundish as soon as possible. In this regard, the filling rate reduction can have prominent effect on the reduction of mixed grade amount in the tundish. Figure 12 shows the effect of the tundish filling rate on the mixed grade amount in the final product for different casting speed. Calculation is performed for the tundish with half the amount of the former grade melt left in the tundish when the later grade is introduced. As seen in this figure increasing the tundish filling rate increases the mixed grade at the beginning but its effect is reduced gradually. Figure 13 shows the volume of the former steel grade in the tundish and the slab width on the mixed grade amount in the final product. These results are calculated for one meter per minute casting speed and stable conditions of casting. It is clear that the amount of mixing is a linear function of the melt volume. This figure also shows the effect of the width of the slab in constant casting speed, which decides the outlet flow rate of the melt on the amount of mixed grade steel in the final product. Increasing the width of the slab significantly increases the mixed grade amount. To clarify this effect, it is necessary to study the influence of the outlet flow rate of the tundish on the amount of mixing in the tundish and liquid pool in casting strand, separately. Figure 14 shows the concentration changes of the later grade in the exit gate of the tundish with different flow rate of the tundish in the steady states. As shown in this figure, increasing the flow rate increases the slope of the concentration curve which means it reduces the amount of mixed grade steel in the tundish. On the other hand, in the casting liquid pool, when the slab width increases, the volume of the liquid pool increases and as a result the volume of the CSTR in the liquid pool increases. Therefore, Fig. 13 shows the total effect of the outlet flow rate on the mixed grade, which implies that the increasing of the flow rate causes the increasing mixed grade of the final product.
Melt Volume in the Tundish and the Slab Width Effect
Casting Speed Effect
The effects of different casting speed on the mixed grade quantity for different slab widths are compared in Fig. 15 . Two assumptions have been made in calculating this result. First, the volume of the former steel melt in the tundish is half of the normal operation amount. Second, the filling flow rate of the tundish is two times greater than the outlet flow rate. It is apparent that the amount of mixed grade increases considerably with increasing the casting speed while the slab width increases. In fact, both increasing the casting speed and slab width ensue the increasing liquid flow rate. As it will be discussed later, increasing the liquid flow rate reduces mixed grade in the tundish but increases mixed grade in the strand liquid pool and as a result, increases the amount of mixed grade as shown in the results.
In the other word, the mixing in the strand liquid pool is more effective than in the tundish. One of the procedures which can be used to reduce mix grade in the final product is reducing casting speed from the beginning of teeming of later grade steel for a certain period of time especially for slabs with higher width. The amount of mixed grade in the final product in two cases, constant casting speed in grade transition time and reduced casting speed in tundish filling time, are compared in Fig.  16 . In both cases tundish filling rate is considered twice the outlet flow rate and in the case with reduced casting speed, after filling the tundish under normal conditions, the casting speed is increased back to the former speed. As can be seen reducing the casting speed in transition time is an effective method for reducing the amount of mixed grade in the final product.
Non-isothermal Effect on the Tundish
In cases where there is a difference between the temperature of former grade melt and the later one, thermal buoyancy force is induced in the tundish which can effect the melt flow and concentration profile in the later grade product. Behavior of composition change in the tundish between the former steel and later one is shown in Fig. 17. This figure shows the comparison between isothermal and nonisothermal grade changes of the mixed volume in the tundish. In the non-isothermal state the later steel grade has been considered to have 25°C higher temperatures. The comparison of the curves in Fig. 17 shows that the extent of mixing in the tundish in non-isothermal condition is lower than the mixing extent in isothermal conditions. This is because of the floating of the warmer fluid to the free surface in non-isothermal case. Figure 18 shows the comparison between isothermal and non-isothermal grade changes on the mixed volume in the final product for different casting speeds. It should be mentioned that in non-isothermal conditions if the Tu dimensionless number increases, the ratio of buoyancy forces to inertial forces is increased and deviation of mixed grade amount in non-isothermal conditions is higher than it is in isothermal conditions. Results show that later steel grade with higher temperature in grade transition especially for higher Tu amounts can reduce the mixed grade.
Conclusions
(1) The discussed intermix model in this research is capable of calculating the mixing in the tundish and in the strand liquid pool, also identifying the amount of mixed steel in the final product rapidly.
(2) Transition grade with later steel grade of a higher temperature can reduce the amount of mixed grade in the final product. But the amount of mixed grade is dependent on the amount of Tu dimensionless number.
(3) It is clearly shown that the mixing in strand liquid pool has a more pronounced effect on mixed grade than mixing in the tundish. 
